
Sustainable
Energy & Fuels

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
/1

6/
20

26
 6

:2
6:

04
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A flexible self-po
aIMED-Lab, Cadi Ayyad University, Aven

Marrakesh, 40000, Morocco
bICMCB, University of Bordeaux, 87 Avenue

France
cJozef Stefan Institute, Jamova Cesta 39, Lju

hanani@ijs.si
dMohammed VI Polytechnic University, Lo

43150, Morocco
eLPMC, University of Picardy Jules Verne, 33
fIJL, University of Lorraine, 54000, Nancy, F
gDepartment of Building Materials, Kyiv N

Architecture, Kyiv, 03680, Ukraine

† Electronic supplementary informa
10.1039/d2se00234e

Cite this: Sustainable Energy Fuels,
2022, 6, 1983

Received 21st February 2022
Accepted 8th March 2022

DOI: 10.1039/d2se00234e

rsc.li/sustainable-energy

This journal is © The Royal Society o
led piezocomposite
nanogenerator based on H2(Zr0.1Ti0.9)3O7

nanowires and polylactic acid biopolymer†

Zouhair Hanani, *abc Ilyasse Izanzar,a Soukaina Merselmiz, a Taha El Assimi,ad

Daoud Mezzane,ae M'barek Amjoud,a Hana Uršič, c Uroš Prah,c Jaafar Ghanbaja,f

Ismael Saadoune, ad Mohammed Lahcini,ad Matjaž Spreitzer, c Damjan Vengust,c
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The field of piezoelectric nanogenerators is rapidly growing as a promising technology for driving low-

power portable devices and self-powered electronic systems by converting wasted mechanical energy

into electric energy. In this study, we designed a flexible and self-poled piezocomposite nanogenerator

based on lead-free H2(Zr0.1Ti0.9)3O7 (HZTO) nanowires and a polylactic acid (PLA) biodegradable

polymer. By using a piezoresponse force microscope (PFM), the piezoelectric coefficient (d33) of a single

HZTO nanowire was found to be 26 pm V�1. The piezoelectric energy harvesting performances of a self-

poled piezocomposite film fabricated by embedding core–shell structured HZTO nanowires by

polydopamine into the PLA matrix were tested. The piezoelectric nanogenerator demonstrated

enhanced output performances (an open-circuit voltage of 5.41 V, short-circuit current of 0.26 mA and

maximum power density of 463.5 mW cm�3 at a low resistive load of 2.5 MU). Besides, the developed

device can charge different capacitors by regular mechanical impartations and can power a red light-

emitting LED diode by various biomechanical motions. This study reveals the benefits of combining

HZTO nanowires and PLA biopolymer in designing high-performance piezoelectric nanocomposites for

biomechanical energy harvesting.
1. Introduction

Now, the world is concerned about “green energy” and many
researches are focusing on eco-friendly technologies for energy
harvesting applications.1–5 In this regard, the invention of
piezoelectric nanogenerators (PNGs) by Wang et al. has opened
a gate towards themechanical energy harvesting of wasted energy
in our environment.6 Since then, piezoelectric nanogenerators
(PNGs) are growing as a promising technology for harvesting
mechanical energy into electricity through nanoscale
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piezoelectric materials.7–10 However, the most used piezoelectric
materials in the PNGs are lead-based, which raise environmental
concerns.8,11–13 The integration of lead-freematerials is, therefore,
essential.14–18 Despite using lead-free ceramics in the ceram-
ic-based PNGs, the mechanical exibility, adaptability for large
mechanical forces, manufacturing cost, and processing present
new challenges.19,20 Consequently, PNGs-based ceramic/polymer
nanocomposites could be the best solution to overcome the
above drawbacks.21,22 However, majority of the studies on PNG-
based ceramic/polymer nanocomposites relies on the use of
polyvinylidene uoride (PVDF) and polydimethylsiloxane
(PDMS),22–27 which are also problematic from the environmental
point of view. Furthermore, composites based on given polymers
are also incompatible for the in vivo incorporations of piezo-
electric materials for biomedical applications. To address these
issues, researchers are investigating the properties of biode-
gradable and renewable polymers and their integration into
exible, biocompatible and biodegradable electronics.28–30

Polylactic acid (PLA) is one of themost promising biopolymers
in energy harvesting applications.21,31–33 PLA is a biodegradable,
biocompatible, non-toxic and ecological thermoplastic aliphatic
polyester derived from a natural organic acid. PLA is becoming
a popular candidate for energy harvesting applications owing to
its high piezoelectric properties.21,30,34,35 It is also worth noting
Sustainable Energy Fuels, 2022, 6, 1983–1991 | 1983
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View Article Online
that contrary to the majority of PNGs based on PVDF or PDMS,
which require a poling process to promote piezoelectric activity,
the carbonyl groups branching out from the PLA backbone
induce polarity, thus exhibiting a d14 � 10 pC N�1 without any
additional poling step.21,30,36 The self-polarization was reported to
be an amazing technique to eliminate the complexity of the
traditional electrical poling process for piezoelectric and ferro-
electric material-based energy harvesting devices.37 For instance,
in PVDF, this could be reached by stabilising the electroactive b-
phase by embedding piezoelectric llers.38,39

To enhance the PNG electrical performances, considerable
attention has been focused on 1D nanomaterials due to their
improved electrical properties.40–42 Particularly, embedding 1D
nanollers into the polymer matrix could improve the electrical
outputs at a low concentration due to the enhancement of local
elds, which is benecial for decreasing the surface energy and
alleviating the agglomeration of the nanollers in the polymeric
matrixes.43,44

In this regard, H2Ti3O7 (HTO) biocompatible nanowires are
a promising material for energy storage and harvesting appli-
cations.45–47 HTO nanowires easily undergo ion-exchange reac-
tion and conversion via a simple hydrothermal method into 1D-
perovskite oxides, such as BaTiO3, primarily used in energy
storage and energy harvesting applications.48–50 In particular, Zr-
doped HTO nanowires (H2(ZryTi1�y)3O7, HZTO) are used to
fabricate 1D-perovskite oxides with fascinated ferroelectric and
piezoelectric properties similar to the state-of-the-art PbZry-
Ti1�yO3 (PZT) and Ba1�xCaxZryTi1�yO3 (BCZT).51–54 Nevertheless,
to the best of our knowledge, the piezoelectric properties and
mechanical energy harvesting capability of HZTO nanowires
have not yet been investigated.

In this study, the piezoelectric response of HZTO-nws was
investigated by a piezoresponse force microscope (PFM). The
piezoelectric coefficient d33 of HZTO nanowires was found to be
26 pm V�1. HZTO-nws were core–shell structured by polydop-
amine (PDA) to facilitate their dispersion into the PLA
matrix.7,55,56 The energy harvesting ability of HZTO nanowires
was explored by designing a exible piezocomposite nano-
generator (nw-PNG) based on surface-modied HZTO nano-
wires and PLA biopolymer. The as-prepared nw-PNG exhibited
enhanced output performances (open-circuit voltage of 5.41 V
and short-circuit current of 0.26 mA) and could drive small
commercial electronics (charging a capacitor and glowing a red
light-emitting diode under various human motions).

2. Experimental section
2.1 Materials

Polylactic acid (PLA), with reference Ingeo™ Biopolymer 6201D,
was purchased from NatureWorks. Sodium hydroxide
($97.0%), hydrogen peroxide solution (30% wt in H2O), Tris–
HCl ($99.0%), ethanol (96%), dichloromethane ($99.9%), and
hydrochloric acid (37%) were purchased from Sigma Aldrich,
while dopamine hydrochloride (99%) was obtained from Alfa
Aesar. Demineralized water with a resistivity of 18.2 MU cm�1

was obtained from a PURELAB-classic water purication system
(ELGA LabWater) and was used during the experiments
1984 | Sustainable Energy Fuels, 2022, 6, 1983–1991
conducted in this study. A commercially available Cu foil
(>99.99%, 9 mm thickness) was obtained from MTI corporation.

2.2 Preparation of HZTO nanowires

To prepare H2(Zr0.1Ti0.9)3O7 nanowires (HZTO-nw), 5 g of
Zr0.1Ti0.9O2 (ZTO) powder, synthesized as described elsewhere,57

was dispersed in 100 mL of 10 M NaOH aqueous solution. Aer
1 h of stirring, the suspension was transferred to a 150mL-Teon-
lined stainless-steel autoclave, sealed and heated to 240 �C with
48 h dwell time, followed by cooling down to room temperature.
The resulting white suspension of Na2(Zr0.1Ti0.9)3O7 (NaZTO) was
collected by ltration and soaked in 0.2MHCl solution for 10 h to
convert NaZTO toHZTO. The latter was washed several timeswith
deionized water and ethanol via repeated centrifugation at
4000 rpm for 10 min until reaching the neutrality of the medium
(pH ¼ 7). The ltered HZTO-nw were redispersed in deionized
water by mechanical stirring at 60 rpm for 30 min, and then
freeze-dried for 48 h to obtain a uffy product.

2.3 Core–shell structuration of HZTO nanowires

To promote the chemical interactions between HZTO-nw and PLA
biopolymer, the surface of the HZTO nanowires was rst
hydroxyled and then coated with a polydopamine (PDA) shell.
HZTO nanowires were rst dispersed in a hydrogen peroxide
solution (H2O2) using ultrasound for 30 min and then reuxed at
104 �C for 4 h. The obtained hydroxylated product (HZTO-nw-OH)
was recovered by centrifugation at 12 000 rpm for 10min, washed
several times with demineralized water and ethanol and then
dried under vacuum at 80 �C for 12 h. Subsequently, the
hydroxylatedHZTOnanowires were coated with a PDA shell by the
air oxidation of dopamine to form HZTO-nw@PDA. For that
purpose, 1 g of the HZTO-nw-OH powder was dispersed in 100mL
of the Tris–HCl (0.01 M) by applying ultrasound for 10 min. The
pH of the aqueous dopamine solution was buffered to 8.5 by
adding the 0.01 M Tris–HCl. Aer 24 h of reaction at reux at
60 �C, a black powder HZTO-nw@PDA was recovered by centri-
fugation at 12 000 rpm for 10 min, washed several times with
demineralizedwater and ethanol, and then dried at 80 �C for 24 h.

2.4 Elaboration of PLA-based nanocomposite lms

HZTO-nw@PDA/PLA nanocomposite lms were elaborated by
the solution casting method using 0, 5, 10, 20 and 30 vol% of
HZTO-nw@PDA llers. Explicitly, an adequate amount of PLA
was solubilized in dichloromethane under magnetic stirring for
2 h. Subsequently, HZTO-nw@PDA nanowires were dispersed
therein by ultrasound for 15 min, and then homogenized by
magnetic stirring for another 2 h. The slurry was cast in a Teon
Petri dish and dried at room temperature to obtain a exible
composite lm, and then dried in a vacuum at 40 �C for 12 h to
remove the solvent.

2.5 Fabrication of the nw-PNG device

PLA-based piezocomposites using 0, 5, 10, 20 and 30 vol%
HZTO-nw@PDA (nw-PNG) were sandwiched between two
copper foils of 3.0 � 1.5 cm2 serving as top and bottom
This journal is © The Royal Society of Chemistry 2022

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2se00234e


Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
/1

6/
20

26
 6

:2
6:

04
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
electrodes. For external connections, two copper wires were
welded to the upper and bottom electrodes to measure the
electrical outputs. Then, the nw-PNG were additionally encap-
sulated by using the Kapton tape. This encapsulation prevented
damage of the nw-PNG by repeated mechanical excitations and
made it water- and dustproof.
2.6 Characterisations

The morphological properties of HZTO-nw and the 20 vol%
HZTO-nw@PDA/PLA nanocomposite lm were analysed using
a eld-emission scanning electron microscope (FESEM, JEOL
JSM-7600F). A transmission electron microscope (JEOL – ARM
200F Cold FEG TEM/STEM) equipped with an energy-dispersive
X-ray (EDX) spectrometer was used to visualize the HZTO
nanowire morphology, i.e., to test the success of the core–shell
structuration with PDA, and to probe the HZTO nanowire
composition. A Discovery Series TGA 55 (TA instruments) device
was used to characterize the thermal evolution of HZTO-nw,
HZTO-nw@PDA, PLA and 20 vol% HZTO-nw@PDA/PLA from
room temperature to 600 �C at a heating rate of 10 �C min�1 in
a nitrogen ow of 40 mL min�1. The local piezoelectric
responses of HZTO nanowires were investigated on an atomic
force microscope (AFM, Asylum Research, MFP-3D) equipped
with a piezo-response force module (PFM). A Ti/Ir-coated Si tip
with a �20 nm radius of curvature (Asyelec, Atomic Force F&E
GmbH) was used. To avoid sticking the HZTO nanowire to the
PFM tip and moving them during scanning, the nanowires were
xed via a thermal treatment (heating to 700 �C for 1 h in O2).58

The HZTO-nw were deposited on a Pt-conductive substrate
serving as a bottom electrode, and the measurements were
Fig. 1 (a) XRD pattern of HZTO nanowires' powder (insets show TEM im
STEM image and EDX elemental mapping images of HZTO nanowires. T
respectively.

This journal is © The Royal Society of Chemistry 2022
made in the regular ground regime to extract the d33 values. The
local piezoelectric values were determined in a PFM single
frequency mode by applying an AC voltage with an amplitude of
12 V and a frequency of 318 kHz (more than 30 kHz away from
contact resonance frequency). The local piezoelectric response
d33 was determined by dividing the maximum amplitude value
(obtained by the program Gwyddion 2.41) with amplitude of the
applied voltage, i.e., 12 V. The average thickness of the nano-
composite lm was measured by a precise coating thickness
gauge (Surx Pro S, Phynix). To study the exible piezocompo-
site nanogenerator (nw-PNG) output performances, the open-
circuit voltage and short-circuit current were measured using
a potentiostat (SP-150, Bio-Logic). The approximate contact
force of nger tapping, 2 N, was evaluated experimentally by
using a dual column mechanical testing system (Instron, 3369).
All measurements were carried out at room temperature.
3. Results and discussions
3.1 Structural and piezoelectric properties of HZTO
nanowires

Fig. 1 presents the XRD pattern and FESEM image of HZTO
nanowires. All XRD peaks can be indexed to monoclinic
symmetry (JCPDS 41-0192) with the C2/m space group; however,
only the most intense peaks are assigned (Fig. 1a).45,46,54,59 A
typical TEM image of the HZTO-nw is shown in the inset of
Fig. 1a. The corresponding selected area electron diffraction
(SAED) (inset Fig. 1a) indicates that the sample shows a well-
crystallized one-dimensional morphology. The SAED is
indexed to the monoclinic C2/m space group. The lattice
age and SAED pattern), (b) FESEM image of HZTO nanowires, and (c)
he red, yellow, and blue areas correspond to O, Ti, and Zr elements,

Sustainable Energy Fuels, 2022, 6, 1983–1991 | 1985
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Fig. 2 (a) Scheme of experimental set-up for AFM topography measurements shown in panels (b) height and (c) deflection. (d) Scheme of
experimental set-up for PFM measurements shown in panels (e) height, (f) deflection and (g) out-of-plane PFM amplitude measurements of
a single HZTO-nw.
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spacing of 7.8 Å corresponds to the reticular distance of the
(200) diffraction peak of the monoclinic H2Ti3O7 crystal.
Moreover, Fig. 1b shows the free-standing HZTO nanowires
with a high aspect ratio of around 50. This high aspect ratio is
due to the relatively high reaction temperature (240 �C) and/or
prolonged reaction time (48 h).49 Besides, Fig. 1c presents the
STEM image and EDX elemental mapping images of HZTO-nw
proving the presence and the homogeneous distribution of O,
Ti and Zr elements.

The local piezoelectric response of HZTO nanowires was
investigated by PFM. In the rst step, only a classic AFM
topography analysis was performed (no electric eld applied) to
locate the nanowires for the piezo-response analysis (Fig. 2a–c).
Aer the nding the location using AFM examination, the
electric eld was applied between the conductive AFM tip and
the bottom electrode (Pt-substrate), as illustrated in Fig. 2d, and
the scan was performed only on the top of the chosen nanowire
Fig. 3 Results of the successful core–shell structuring of HZTO nanowi
TEM micrographs of (b) HZTO-nw and (c) HZTO-nw@PDA. Insets schem

1986 | Sustainable Energy Fuels, 2022, 6, 1983–1991
to avoid electrical short circuit. In Fig. 2g, the PFM out-of-plane
amplitude response is shown. Compared to the darker areas,
the brightest areas correspond to an enhanced local piezoelec-
tric activity. The maximum local piezoelectric response d33
value reached 26 pm V�1. This value is comparable to that (28
pm V�1) measured in bowl-like BaTiO3 particles,60 higher than
that reported in BaTiO3 nanobers (20 pm V�1),61,62 Ba1�xSrx-
TiO3 plates (20 pm V�1),58 and lower than that stated by Zhuang
et al. in BaTiO3 Ce-doped nanobers (42 pm V�1).63
3.2 Energy harvesting performances of PNG-based HZTO
nanowires

To check the energy harvesting capability of HZTO nanowires,
a exible piezocomposite nanogenerator (nw-PNG) based on
HZTO-nw and PLA biopolymer was designed. In order to facil-
itate their dispersion into the PLA matrix, HZTO-nw were core–
res using PDA. (a) TGA curves of pure HZTO-nw and HZTO-nw@PDA.
atically represent the observed morphologies.

This journal is © The Royal Society of Chemistry 2022
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shell structured by polydopamine (PDA) to obtain HZTO-
nw@PDA. Thermogravimetric analysis (TGA) was employed to
investigate the thermal stability between the pristine and
surface modied nanowires. As shown in Fig. 3a, the total
weight losses of the pristine HZTO-nw and HZTO-nw@PDA
from 30 �C to 600 �C were about 10.64 wt% and 13.44 wt%,
respectively. The increase in weight loss aer functionalization
can be attributed to the presence of the PDA layer on the HZTO
nanowire surface (Fig. 3b and c), where a PDA shell of about
17 nm was coated on the HZTO surface. PDA deposition gave
a distinct thin layer on the nanowire surface, which facilitates
the dispersion of nanowires in the polymer matrix.

The surface and cross-section morphological properties of
the 20 vol% HZTO-nw@PDA/PLA nanocomposite lm are pre-
sented in Fig. 4a and b. A dense nanocomposite lm with 40 mm
thickness with uniformly distributed nanowires can be
observed. The black regions correspond to the PLA matrix, and
the white spots represent the HZTO-nw@PDA ller. It is clearly
seen that HZTO-nw@PDA nanowires are evenly embedded in
the PLA polymer matrix, indicating the excellent compatibility
between PLA and llers. The exibility of the as-prepared
nanocomposite lm is demonstrated in the inset of Fig. 4a.

To evaluate the ability of the elaborated piezocomposite
lms for harvesting biomechanical energy, piezoelectric nano-
generators with different HZTO-nw@PDA concentrations (0, 5,
10, 20 and 30 vol%) were designed. Fig. 4c and d depict
a photograph and schematic of the designed exible piezo-
composite nanogenerator device using 20 vol% HZTO-
nw@PDA. To gain insights on the effects of the HZTO-
nw@PDA concentration on the piezoelectric performances,
specically the open circuit voltage (Voc), the fabricated
Fig. 4 FESEM images of the (a) surface (inset shows a photograph illustr
the HZTO-nw@PDA/PLA nanocomposite film. (c) Photograph and (d) sc
device. The generated (e) open-circuit voltage and (f) short-circuit curre

This journal is © The Royal Society of Chemistry 2022
nanogenerators were subjected to nger impartations of 2 N,
and the resulting Voc were recorded and presented in Fig. S1 in
the ESI.† It was observed that the output voltage was amplied
signicantly with the increase in HZTO-nw@PDA concentra-
tion. This can be explained by an enhancement of the dielectric
constant of the composite with nanoller addition. A higher
dielectric constant of nanocomposite lms has a good capa-
bility of storage charge, which can lead to better piezoelectric
properties.64 Nevertheless, excessive HZTO-nw@PDA content
will cause the agglomeration and deterioration of the
mechanical properties, limits the movement of PLA dipoles and
eventually weakens the polarizability of the nanocomposite,
which results in a decline of the piezoelectric performance.65

Accordingly, we will focus only on the piezocomposite with
20 vol% of HZTO-nw@PDA.

Fig. 4e and f illustrate the open-circuit voltage (Voc) and
short-circuit current (Isc) of 20 vol% HZTO-nw@PDA/PLA (nw-
PNG) under nger impartations. The nw-PNG can produce Voc
and Isc of 5.41 V and 0.26 mA, respectively. The averaged peak-to-
peak Voc and Isc are 7.8 V and 0.4 mA, respectively. The slight
variation in the amplitude of each pulse could be attributed to
the manual stress variation during the nger tapping sequence.
Interestingly, the obtained electrical outputs are superior to
some previous PDMS or PVDF composite-based PNG without
any prior electrical poling process.66–71 As shown before, this can
be ascribed to the natural piezoelectricity developed in PLA aer
mechanical stress application and the surface-charge induced
polarization.21,72,73

To verify the purity of the piezoelectric effect in the nw-PNG
device under pressing and releasing motions, the switching
polarity test was conducted.74 As presented in Fig. S2 in the
ating the flexibility of the nanocomposite film) and (b) cross-section of
hematic illustration of the fabricated piezocomposite nanogenerator
nt under finger tapping.

Sustainable Energy Fuels, 2022, 6, 1983–1991 | 1987
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Fig. 5 The output voltage and power density generated by the nw-
PNG across various resistors (inset shows the schematic circuit
diagram of the harvested output voltage).
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ESI,† when the nw-PNG device is forward-connected to the
measurement kit, upward output signals followed by downward
output signals are obtained. In contrast, the signal direction is
inverted in the reverse connection. The observation of such
signal output switching by changing the polarity conrms that
the energy harvesting signals are the product of piezoelectricity
from the exible nw-PNG device.75

The suggested working mechanism of the nw-PNG nano-
generator can be explained in terms of the combined/
synergistic effect of the PLA dipoles and high surface charge
on HZTO-nw@PDA. The b-phase of PLA has exible molecular
chains containing C]O dipoles, where the crystal structure is
characterized by the helical structure and the shear piezoelec-
tricity at the molecular level originating from the dipole
accompanies the asymmetric carbon.76 When the shear strain
induced by the electric eld is applied to the molecular chain of
Fig. 6 The test results for the feasibility of the fabricated nw-PNG dev
piezocomposite nanogenerator under sewing machine impartations (the
energy from the nw-PNG device). Photographic images of the process
folding/unfolding motions using the nw-PNG.

1988 | Sustainable Energy Fuels, 2022, 6, 1983–1991
the PLA through its side chain, the displacement arises in all the
atoms. The motions causing a change in polarization is the
rotation of the plane dened by the C–O and C]O bond on the
C–O bond of PLA, which was reported as perpendicular to the
electric eld. Accordingly, the change in polarization arises due
to the applied stress.36

Compared to PVDF or other piezoceramics, PLA-based
piezoelectric materials own lower piezo-responses.76 Accord-
ingly, embedding piezoelectric llers into the PLA matrix could
be benecial by increasing the portion of the desirable elec-
troactive b-phase, thus enhancing the piezoelectric properties.77

In our case, the presence of an oppositely charged polar surface
on HZTO-nw@PDA aggressively interacts with the different
C]O dipoles of PLA, resulting in the development of negative
and positive charge densities over the nanocomposite surface,
which promotes the formation of piezoelectric polar b-phase
through surface charge-induced polarization. Besides, the
applied mechanical strain induces a potential in HZTO-
nw@PDA, which additionally aligned the C]O dipoles in the
direction of applied force through stress induced polarization.38

The self-poling aspect in nw-PNG results from some degree
of molecular alignment of the PLA chains along the length of
the HZTO-nw@PDA. Alternatively, the PLA molecules are self-
polarised in a favourable direction by the dual effect of stress
and surface charge-induced polarization without applying any
external electric eld. Accordingly, the use of the PLA
biopolymer could eliminate the complexity of the traditional
electrical poling process in the piezoelectric energy harvesters.

For real-time applications, the device cannot operate in an
open circuit, instead must be connected to external loads (RL).78

The energy performance of the nw-PNG was examined by
measuring the output voltage characteristic at various external
resistive loads (inset of Fig. 5). The output voltage increases with
the increase in the load resistance, while the power density (P¼
V2/RL) increased rst to reach a maximal value Pmax ¼ 8.4 mW at
ice. (a) The charging curves of 1 mF and 2.2 mF-capacitors using the
inset shows the electrical circuit diagram used to harvest the electric
of the red LED glowing (b–d) under finger tapping and (e–g) under

This journal is © The Royal Society of Chemistry 2022
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RL ¼ 2.5 MU, and then decreased with an increase in RL. The
corresponding area and volumetric power densities are Psmax ¼
1.85 mW cm�2 and Pvmax ¼ 463.5 mW cm�3, respectively. These
values are enhanced compared to some reported piezoelectric
nanogenerators.11,41,42,69,70,79

The feasibility of the nw-PNG as a powering device for small
portable electronics was demonstrated by integrating the nw-
PNG into electrical circuits to charge different capacitors and
to power a red light-emitting diode (LED). To charge the dis-
charged capacitors, a sewing machine was used as a constant
stress and frequency source. In this test, the sewing machine
needle was substituted by a cylindrical plastic piece with
a tapping area close to a human nger, as described in our
previous study.7 The nw-PNG device was used to charge 1 mF and
2.2 mF capacitors under sewing machine impartations at
a frequency of 23 Hz, as shown in Fig. 6a. The inset of Fig. 6a
shows the schematic circuit diagram used to track the accu-
mulated voltage across the capacitor upon charge. The circuit
includes a full-wave bridge rectier, a capacitor, and a piezo-
electric device. The nw-PNG can charge the 1 mF and 2.2 mF
capacitors up to 2.44 and 1.67 V, respectively, which corre-
spond, according to Ue ¼ 1/2CV2, to the stored energies of 2.97
and 3.07 mJ and equivalent energy densities of 0.16 and 0.17 mJ
cm�3, respectively. Here, Ue, C, and V denote the stored electric
density, capacitor capacity, and generated voltage, respectively.
Furthermore, the nw-PNG was also employed to light up a red
LED with nger tapping (Fig. 6b–d and Video S1 in the ESI†) and
folding/unfolding motions (Fig. 6e–g and Video S2 in the ESI†),
using the schematic circuit diagram of Fig. S3 in the ESI.† Our
exible and self-poled piezocomposite device can efficiently
drive a red LED under different human motions without any
noticeable degradation. Because we used nontoxic chemicals,
we can easily imagine its integration as self-powered electronics
in the biomedical eld.

4. Conclusions

A exible piezocomposite nanogenerator (nw-PNG) based on
lead-free core–shell structured HZTO nanowires and PLA
biopolymer was designed. The local piezoelectricity of HZTO-nw
was investigated on a piezoresponse force microscope, and the
piezoelectric coefficient of a single HZTO nanowire was found
to be 26 pm V�1. This value is higher compared to the BaTiO3

nanobers (20 pm V�1). The fabricated nw-PNG exhibited
enhanced output performances (Voc ¼ 5.41 V, Isc ¼ 0.26 mA and
Pvmax¼ 463.5 mWcm�3 at RL¼ 2.5 MU) and has demonstrated its
ability to drive capacitors with different capacitances under
sewing machine impartations, and a red LED under different
human motions. The as-prepared piezocomposite nano-
generator could be easily integrated into self-powered elec-
tronics in biomedical applications, such as monitoring human
health conditions.
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